Nowadays, internal combustion engine developments are focused on efficiency optimization and emission reduction. Increasing focus on world harmonized ways to determine the performance and emissions on Worldwide harmonized Light vehicles Test Procedure cycles, it is essential to optimize the engines for transient operations. To achieve these objectives, the downsized or downspeeded engines are required, which can reduce fuel consumption and pollutant emissions. However, these technologies ask for efficient charging systems. This article consists of the study of different boosting architectures (single stage and two stage) with a combination of different charging systems like superchargers and e-boosters. A parametric study has been carried out with a zero-dimensional engine model to analyze and compare different architectures on the different engine displacements. The impact of thermomechanical limits, turbo sizes and other engine development option characterizations is proposed to improve fuel consumption, maximum power and performance of the downsized/downspeeded diesel engines during the transient operations.
Introduction
Since last two decades, there has been a trend in internal combustion engine development called downsizing. It allows better efficiency and lower emissions based on the increase of power output in reduced displacement engines. 1 The boosting systems are used to increase the intake pressure of these engines to get a high power output. Downspeeding is another concept, which consists of reducing the engine speed (N engine ) while increasing the effective torque in order to keep the same engine performance with higher efficiency. Therefore, a potential of new emerging turbocharging architectures to enhance the performance of downsized and downspeeded engines has taken a crucial part since last decades. Besides optimization process, the new emission test procedures for diesel engines are forced to reduce the NO x and CO 2 emissions from the automobiles. Exhaust gas recirculation (EGR) mixing in intake air can reduce NO x , so the demand for high EGR rates and its dispersion control is increasing. However, turbocharger size and thermomechanical limits also have important consequences on engine performance. 2, 3 Therefore, their impacts are needed to be characterized to quantify potential benefits. Reducing displacement of the engine (downsizing) has certain limitations like turbine efficiency reduction by lower gas mass flow and increasing heat losses. Hence, study of different charging system's characteristics on the performance of downsized/downspeeded engines is important.
Considering the broad scope of this study, it has been divided into two parts. The first part consisted of a parametric study of engine parameters like maximum in-cylinder pressure, pressure drop across aftertreatment system, turbocharger efficiency and EGR rate using different architectures during steady-state operations. Whereas, this second part focuses on the transient aspects with an analysis of the boosting architecture's performance on different downsized/downspeeded engines during cold transient test cycles. Following the future needs in charger development, the operating ranges required by these downsized/downspeeded engines will be confronted to current supercharger, compressor and turbine characteristic maps.
Basically, there are two types of transient operations: load and speed transients. The transition of engine operating points from low load to full load or vice versa at a particular engine speed is called load transient. While the change of engine speed at particular engine load is called speed transient. Looking at new emission standards and procedures like Worldwide harmonized Light vehicles Test Procedure (WLTP) and real driving emissions (RDE), it is evident that most of them are composed of various load transient operations. Therefore, analysis of different boosting architectures considering the thermomechanical limits of above downsized/downspeeded engines is necessary.
To characterize the new turbocharging architectures, a comprehensive study has been carried out with zerodimensional (0D) filling and emptying engine model, 4, 5 which was described thoroughly in the first part of this article, responding to specific objectives. The validation of this engine model has been carried out with the experimental results from hot and cold transient operations at different engine speeds. The results with singlestage turbocharger are presented first with a parametric study of turbine swallowing capacity, turbine efficiency and inertia along with different variable geometry turbocharger (VGT) positions. The time response and analysis of the transient behavior of two-stage configuration of a main turbocharger with e-booster and supercharger is also described.
Methodology
The main difficulty, when it comes to multi-stage boosting architecture analysis is the correct formulation of parametric studies to obtain clear design criteria limiting the interactions of variables. Multi-stage architecture consists of too many parameters to carry out direct sensitivity studies on each one of them and some hypotheses have to be assumed to reduce the number of input data. In this study, several degrees of engine downsizing are considered. The hypotheses made on the input data to these downsized engines, relating to the gas path elements, injection settings and EGR systems, are explained in the first part of this article.
Time responses obtained from cold transient operations at 1000 r/min are quite representative of the performance of both engine and boosting architectures. These transient cycles are critical for the charging systems due to low gas mass flows and thermal inertia. 6 However, hot and cold transients were performed at four engine speeds (1250, 1500, 1750 and 2000 r/min) at the engine test bench to validate the 0D engine model. These results are presented in the ''0D engine modeling and validation'' section. For evaluation, in modern engine development, it is generally assumed that ''one second'' represents a good time response to reach the maximum low-end torque starting from low load, while ''two seconds'' correspond to poor transient abilities. 6 Between both times, transient responses can be judged acceptable or not according to the specific application.
To carry out the simulation study, the pressure loss characteristics of engine components used during testing have been employed on the 2.3 L engine and then scaled down to the 1.6 and 1.2 L engines to obtain the same pressure drops under the corresponding gas mass flows. 7, 8 Compressor outlet and exhaust manifold temperatures were not restrained in the calculations, but specific control strategies were implemented on the turbine actuators to avoid excessive exhaust manifold pressure (limitation fixed at 4.5 bar). The smoke limiter was calibrated with a maximum relative fuel to air ratio of 0.9, and advanced in-cylinder pressure limitations were retained in the cylinders.
As it is widely known, turbo-lag phenomenon is influenced by three main factors which are the turbine swallowing capacity, both compressor and turbine efficiencies and turbocharger inertia. A sensitivity study was carried out on these factors to quantify their influences on transient response. For the impact of swallowing capacities, different turbines as given in Table 1 were coupled to different compressors, whose main features appear in Table 2 , and then connected to the 2.3 L engine model. This 2.3 L engine model is defined with the same geometrical data and model calibration as the engine used for testing and validation of transients that will be described in the validation part of the model. Only the connecting rod length has been increased to reach the desired swept volume and the compression ratio has been reduced to take into account the last trends in combustion. 9, 10 The parametric study of single turbo configuration consists of analyzing the effect of turbine swallowing capacity on the brake mean effective pressure (BMEP) while monitoring exhaust pressure. Similarly, turbine efficiency and inertia are varied by 10 points and 25%, respectively, with different combinations to see the influence on BMEP and exhaust pressure of those scaled engines. Moreover, in two-stage configuration, different architectures with e-booster, supercharger and a small turbo are coupled one by one to the main turbocharger. The effects of these architectures are analyzed by varying VGT positions of the small turbocharger by 25%. In succession, with two-stage e-booster architecture, electric power (varied by 2 kW) provided to ebooster and the boost from main turbocharger are varied. In addition, in the case of two-stage supercharger architecture, the gear ratio (R gearbox = 8, 10, 13) of the transmission between the main shaft of the engine and the supercharger shaft is changed to provide different boost regime to the engine.
0D engine modeling and validation
The 0D engine model, 4 which is described in detail in a previous paper, consists of mean value engine model (MVEM) for the gas path elements (intake and exhaust lines). It is connected to crank angle-resolved modeling which includes combustion and filling and emptying model. In transient operations, characteristic volume size and thermal inertia phenomena are fundamental to accurately reproduce the engine dynamic behavior. Volumes sizes are directly obtained from the engine components, while the values of thermal capacities proposed by Alberto and Piedrahita 11 and Torregrosa et al. 12 are employed in the different heat transfer models. Passenger car engines can be run in different transient conditions, but load transients performed at constant engine speeds are considered the most representative transient cycles to evaluate engine response. Here, hot and cold transient tests were carried out at four engine speeds (1000, 1250, 1500 and 2000 r/min). From wall temperature measurements, the exhaust thermal capacity was adjusted on four test cycles until reaching the best accuracy compromise between the considered transient conditions.
Hot transient tests were carried out on a 1.995 L (Euro V) engine, stabilizing it thermally at full load. Next, the engine is moved to around 50% load conditions where it remains until the turbocharger achieves a stable speed. At this moment, the engine is throttled again to 100% load keeping a constant engine speed over the whole cycle. Main engine-related parameters during this hot transient are shown in Figure 1 . Differences observed on the exhaust gas temperature variations do not reflect errors from the model but come from the thermocouple mass inertia which filters experimental temperature variations. Similar results are shown in Figure 2 for a cold transient test. In this case, the transient test is carried out stabilizing the engine at low load (around 15%) and then suddenly the engine is throttled to 100% load. As before, a good agreement between experimental and modeled data can be observed on the turbocharger and engine dynamic responses. These results confirm the capability of the engine model to correctly reproduce the fluid dynamics inside the engine and boosting system performance in transient operation.
Single-stage turbocharger response
The transient results obtained in single-stage operations are shown in Figure 3 . It can be observed how turbine 1 power ability is too small under low gas mass flow and cold conditions to produce acceptable transient responses. Reducing the turbine effective section improves this situation, and here, a low-end torque objective of 30 bar BMEP can be reached in 3 and 2 s with turbines 2 and 3, respectively. At 20 bar BMEP, turbine 3 swallowing capacity represents a good match for the 2.3 L engine achieving the torque objective in around 1 s. This response time can be further enhanced to 0.6 s using turbine 3_25, but its small effective section leads rapidly to choked conditions restricting the maximum reachable BMEP to 27 bar due to exhaust manifold pressure limitations. With the turbine almost chocked, reducing even more the swallowing capacity strongly decreases the maximum BMEP and does not improve the time response. In fact at the beginning of the transient, the benefits of smaller turbine section are offset by the higher engine back pressure. For a given engine displacement, there is a limit on the turbine size reduction to maximize transient performance. Therefore, the objective of 30 bar BMEP for the 2.3 L engine cannot be achieved in 1 s with current small turbine designs.
Regarding turbocharger efficiency and inertia, variations of 10 points and 25% were considered, respectively. The simulations were performed with turbines 2 and 3 fitted in the 2.3 L engine. The results are shown in Figure 4 . As these turbines already have relatively low inertia, it can be noticed that the use of advanced materials to significantly reduce their inertia has limited consequences on transient response. Here, benefits of only 0.2-0.3 s were obtained with 25% inertia reduction. However, the improvement in turbocharger efficiency has an important potential to enhance transient performance. In fact, increasing by 10 points, the turbocharger efficiency allows the time response to be reduced by 50% and higher BMEP to be reached. With these efficiency variations, the objective of 30 bar BMEP can now be achieved in 1 s using a turbine slightly smaller than turbine 3. Small effective sections and efficient designs are therefore the fundamental combination to reduce turbo-lag phenomenon.
Analyzing the turbine requirements for the different engine displacements, it can be observed in Figure 5 that turbine 3 (Turb3) provides a good transient response on the 2.3 L engine for an objective of 20 bar BMEP, but its swallowing capacity is too large to have some power abilities on the 1.6 L engine. The corresponding time response is thus extremely slow and a 20% smaller turbine (TurbA_25) has to be developed to reach the torque objective within 1 s. On the 1.2 L engine, the low gas mass flows are even more critical and a 35% smaller turbine (Turb 3_20) is required to reach the same performance. These scaling values can obviously be reduced if more efficient designs are developed in parallel to small swallowing capacities. For an objective of 30 bar BMEP, efficiency improvements are also essential and the trends underlined on the 2.3 L engine can be generalized to the other engine displacements. So, turbines slightly smaller and significantly more efficient than the ones retained for the 20 bar BMEP objective need to be developed to reach this power level within 1 s. With VGT turbines, it can be noticed for the 2.3 L engine that the smallest VGT available in the automotive market takes the same time to reach 20 bar BMEP as the smallest fixed geometry turbocharger (FGT). In fact, the benefits of smaller swallowing capacity obtained in closed position are offset by lower efficiency and higher inertia. Applying to the VGT the scaling factors previously defined for the FGT, this effect can also be verified for the 1.6 and 1.2 L engines where Turb A_30 and A_25 produce similar time responses as the Turb 3_25 and 3_20, respectively. For higher BMEP, VGT are progressively open at the end of the transient to limit choked conditions adapting their swallowing capacity to the gas mass flows, so no power is lost through a wastegate. Transient performances are therefore enhanced with VGT and efficiency improvements are less critical than for FGT. In that way, the objective of 30 bar BMEP within 1 s can be achieved with current turbine designs (turbine A_30, A_25 and A_20 for the 2.3, 1.6 and 1.2 L engines, respectively) or with the VGT defined at 20 bar BMEP increasing relatively their efficiencies. The use of VGT at this power level can thus reduce development efforts not only in small effective sections but also in highly efficient designs.
Two-stage performance

Two-stage turbocharging architecture
In a two-stage turbocharging architecture, the highpressure (HP) turbocharger has some abilities to produce boost at low engine speeds depending on its minimum swallowing capacity and VGT actuator strategies. This boost production has an impact on the second turbocharger operating conditions and on the whole transient performance. To illustrate these effects, simulations were performed on the 2.3-L engine with a FGT turbine 3 in the HP stage (wastegate closed) and a variable geometry turbine in the low-pressure (LP) stage. A relatively small turbocharger has especially been retained in the LP stage to increase the boost at low speeds and amplify the effect of the main turbocharger. The results are shown in Figure 6 where the transient responses obtained in two-stage operations varying VGT position are compared to the response previously obtained in single-stage operations with the same HP turbocharger. As it is observed, the fastest transient is achieved in single-stage operations when the small turbocharger works alone without any interactions from the LP stage. In two-stage operations, even though 50%-100% VGT openings produce here similar results, the time responses increase closing the VGT as more energy is recovered by the main turbocharger.
This behavior is explained in Figure 7 with the different operating conditions plotted in the characteristics maps. Increasing the main turbocharger work increases the gas density in the HP stage. The corrected gas mass flows are therefore reduced in the second turbine and, having a given swallowing capacity, its power ability is lowered. This decrease of boost in the HP stage is more or less offset by the main turbocharger, but as the LP stage has a higher inertia, transient responses are deteriorated. So, the VGT has to be maintained in an open position to optimize the transient responses in a twostage turbocharging configuration equipped with a VGT in the LP stage. Comparing the results obtained at 100% VGT opening with those obtained in singlestage operations, slight differences exist here between both time responses because the main turbocharger has a relatively small matching and the VGT produced some work even in full open position. With a bigger matching more adapted to this engine displacement, these differences would be insignificant. So, the conclusions found in the previous section are also valid in the two-stage architecture and the development of small highly efficient turbines stay critical to fulfill the performance requirements of future downsized/downspeeded engines.
Two-stage E-booster architecture
In a two-stage e-booster configuration, transient responses depend on the electric power supplied by the vehicle network and on the turbocharger boosting. As there is no interaction between the HP and LP stages in the exhaust side, the VGT is maintained in a closed position to optimize the turbine work production. According to the turbocharger matching, this position can be the closest VGT opening to generate the maximum power with the smallest turbine swallowing capacity or the VGT opening that maximizes boost pressure preventing compressor surge. To analyze the main characteristics of two-stage e-booster architecture responses, calculations have been carried out on the 2.3 L engine with a 4 kW e-booster. For the e-booster, the compressor inertia has been doubled to simulate representative e-booster accelerations considering also a rough motor inertia. 13, 14 The results obtained under full e-booster electric power are shown in Figure 8 . The VGT position has been varied here to represent different turbocharger boosting at low speeds. Using a relatively small matching, it has to be noticed that the main compressor may get into surge for the closest VGT openings (see Figure 9 ). Regarding the intake pressure built-up, the transient response can be divided into two different parts. First, the e-booster provides the boost corresponding to the electric power (approximately 0.5 s). Then, if the turbine can produce some power under these low gas mass flows, the turbocharger will continue to accelerate according to its efficiency, inertia and swallowing capacity. However, the resultant intake manifold pressure is not proportional to the turbocharger compression ratio. In fact due to electric power limitations, the operating conditions are moved in the e-booster compressor map along iso-power trajectories as observed in the left plot in Figure 9 . On these trajectories, the compression ratio is reduced as the gas mass flow increases. The turbocharger has therefore to largely offset this boost decrease to elevate the intake pressure.
When two-stage e-booster architecture is fitted in different engine displacement, the first part of the time response, which is mainly controlled by the e-booster characteristics, is not dependent on the engine size, as shown in Figure 10 . Three values (2, 4 and 8 kW) are simulated for the electric power of the e-booster. Both 20 and 30 bar BMEP objectives can thus be reached in approximately 0.5 s on the different downsized engines if the e-booster and vehicle network are designed to the corresponding electric power levels. Otherwise, the ebooster will not produce the entire boost requirements and the time response will result slower according to the turbocharger matching and its abilities to provide the missing compression work.
Two-stage supercharger architecture
In a 2-stage supercharger configuration, transient response depends on the transmission ratio, the clutch time delay characteristics and on the turbocharger boost abilities. Without interactions between the turbomachines in the exhaust side, the VGT is maintained in a closed position as in the 2-stage e-booster architecture presented before. To analyze the main characteristics of 2-stage supercharger systems responses, simulations have been performed on the 2.3 liter engine with a supercharger and a variable geometry turbocharger. Two different transmission ratios were selected for the calculations. The first one (R gearbox = 13) corresponds to the transmission ratio which maximizes the compression ratio avoiding overshoots in the supercharger map and not exceeding a compression ratio Of 2.5. While the second one (R gearbox = 10) is relatively smaller in order to carry out a sensitivity analysis of the transmission ratio. In this second case, the supercharger runs at lower speeds with a maximum compression ratio of 2 during the transient. For supercharger engagement, a progressive activation time of 0.3 second has been retained to reproduce the behavior of typical electromagnetic particle clutch or plate type friction clutch. 15, 16 The obtained results are shown in Figures  11 and 12 where VGT positions were also varied to represent different turbocharger boosts. In Figure 11 , it can be seen that the supercharger provides directly at the end of its activation time the maximum boost corresponding to the transmission ratio. The first part of the transient is thus characterized by the clutch performance and the choice of the transmission ratio, which is crucial to reach the lowend torque objectives. In the second part, similar to the 2-stage e-booster configuration, the turbocharger can continue to accelerate according to its efficiency, inertia and swallowing capacity. However, the intake pressure increase is much more limited here despite high reachable turbocharger compression ratios. In fact, the supercharger is a volumetric machine which runs during this transient test cycle at constant speed (R gearbox N engine ). Being placed upstream the turbocharger, there is no significant air density variation at its inlet. The gas volumetric flows and the corresponding gas mass flows are thus relatively constant. Only a slight increase can be observed in the supercharger map as observed in the left plot of Figure 12 as the compression ratio decreases due to lower internal losses.
So when the turbocharger accelerates and produces some boost, the gas mass flow is strongly restricted by the supercharger volumetric capacity and the supercharger compression ratio is reduced creating certain equilibrium between both chargers. Until completely offsetting this boost decrease to disengage the supercharger, the intake pressure can only suffer small variations and the BMEP increases that are noticed in Figure 11 are the result of both slightly higher gas mass flows and lower supercharger brake power consumption.
With the same supercharger, the time responses obtained for the other engine displacements are shown in Figure 13 . In each case, the transmission ratio was optimized to maximize the supercharger compression ratio, while the VGT was maintained fully open to reproduce typical matching (limited turbocharger boosting abilities at low speeds). As it can be observed, with this boosting architecture, an objective of 20 bar BMEP can be reached in approximately 0.5 seconds independently of the engine size. Only the transmission ratio has to be reduced to adapt the supercharger speed to the low-end torque requirement. For an objective of 30 bar BMEP, the current designs with maximum compression ratio of 2.5 do not allow this power level to be reached. But if new superchargers are developed to be able to work under high compression ratios, the same fast transient responses will be achieved.
In Figure 13 , the results obtained with the other architectures are also plotted to analyze the different systems. Having almost instantaneous time responses, the transient performance of two-stage supercharger and two-stage e-booster configurations are obviously quite similar. However the time responses of two-stage turbocharging architectures are slower and turbo-lags make performance objectives of 1 s quite challenging on the smallest engine displacement. The final architecture selection will thus depend on the future development of small highly efficient turbochargers, and if these turbochargers are not available, the choice between the two-stage supercharger and two-stage ebooster systems will depend on the evolution of vehicle architecture electrification.
Conclusion
In transient operations, the turbo-lag of small turbochargers was characterized first with sensibility studies on turbine size, shaft inertia and turbocharger efficiencies. Reduction in turbine effective area causes improvement in transient response. But, this benefit is offset by higher back pressure. The scaling of this effective area of turbocharger according to the size of engine is necessary.
Change of turbocharger inertia has limited effect on transient response at low speeds. Only benefit of 20% with respect to a good time response has been observed with 25% reduction in inertia. However, improvement in turbocharger efficiency by 10 points can reduce the time response by 50%. Therefore, smaller and efficient design is a fundamental combination to reduce turbo lag.
For strong BMEP objectives, transient performances are enhanced with VGT and efficiency improvements are less critical than with FGT. The use of VGT can thus reduce development efforts not only in small effective sections but also in highly efficient designs.
For the supercharger configuration, an efficiency variation of 10 points does not reduce in a significant way the required mechanical power. So, supercharger design optimization does not show important potential to diminish fuel penalties generated by mechanical chargers.
Finally, an architecture comparison has been carried out on different downsized engines to determine the greatest transient performance that can be achieved with advanced charging systems.
For the architecture control in transient, the main VGT of a two-stage turbocharger configuration has to be maintained in an open position to optimize the time responses, while in two-stage supercharger and ebooster architectures, the main VGT must be kept closed to maximize the boost abilities of the main turbocharger.
With two-stage supercharger and two-stage e-booster configurations, transient responses of any highly rated diesel downsized and downspeeded engine are very fast (about 0.5 s during cold transient test cycles). The power level reached at the end of the transient depends on the electric power for the e-booster and on the transmission ratio for the supercharger. With the two-stage turbocharger architecture, the transient responses are slower, and even defining new small efficient turbine requirements, performance objective of 1 during cold transient test cycles is quite challenging in the smaller engine displacements.
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